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ABSTRACT • For a hydraulic conductor, through which liquid flows, hydraulic conductance (K, ml·s-1·MPa-1) is 
defined as the ratio of pressure difference at the inlet and outlet to the fluid amount passing through the hydraulic 
conductor in a unit time period. This property is one of the key functions of the wood, and is obtained by the flow 
rate (F – Flow, ml·s-1) along the wood sample divided by the pressure difference driving the flow (DP, MPa). This 
study aimed to establish a test setup to determine the hydraulic conductance values of Uludağ Fir (Abies bornmul-
leriana Mattf.). A test setup was established to measure the amount of water that flows in samples and pressure 
difference in characterized capillary tubes. In addition, calibration of the test apparatus is explained in detail. Fir 
wood samples taken from Yedigoller, which is affiliated to Kale Operation Chieftainship and Bolu Forest Regional 
Directorate, of 4 mm in diameter and 3 cm in length were prepared and hydraulic conductance measurements were 
performed, and the results are presented in this article. The installed test setup was used to obtain the following 
information about trees: operation of the hydraulic conduction system, the amount of needed water, seasonal ef-
fects and stress-related changes.
Keywords: hydraulic conductance; test setup; fir wood
SAŽETAK • Hidraulička vodljivost (K, ml·s-1·MPa-1) definira se kao omjer količine tekućine koja prolazi u odre-
đenom vremenu hidrauličkim vodičem i razlike tlaka na ulazu i izlazu vodiča. To je svojstvo jedna od ključnih 
funkcija drva, a njegova se veličina određuje mjerenjem brzine protoka (F – protok, ml·s-1) uzduž uzorka drva zbog 
razlika tlakova (DP, MPa). Cilj ovog istraživanja bio je instaliranje mjernog sustava za određivanje hidrauličke 
vodljivosti jelovine (Abies bornmulleriana Mattf.). Postavkama mjerenja utvrđena je količina vode koja teče u 
uzorcima jelovine i razlika tlaka u karakterističnim kapilarama. Usto je detaljno objašnjeno kalibriranje ispitne 
opreme. Uzorci jelovine na kojima su provedena mjerenja hidrauličke vodljivosti bili su promjera 4 mm i duljine 3 
cm i uzeti su s područja Yedigoller, a rezultati ispitivanja prikazani su u ovom radu. Instaliranim mjernim sustavom 
dobivene su ove informacije o stablima: djelovanje sustava hidrauličke vodljivosti u drvu, količina potrebne vode, 
utjecaji godišnjih doba i promjene povezane sa stresom.
Ključne riječi: hidraulička vodljivost; mjerni sustav; jelovina
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sure difference between 3-10 kPa was created between 
the inlet and outlet points of the cut root and stem parts 
to provide the flow of solution. The flow rate was found 
by measuring the outgoing solution mass per second by 
a digital balance connected to the end of the wood sam-
ple. A similar device (HPFM – High Pressure Flow 
meter) has likewise been used to make comparative 
measurements of fluid conduction in roots and shoots, 
benefiting from the relationship between pressure 
change and hydraulic conductance (Tyree et al., 1995). 
A different way of determining the flow rate, which is 
one of the main parameters in measuring hydraulic 
conductance, is proposed by Melcher et al. (2012). 
Also, Cochard (2002) disclosed a method for measur-
ing the hydraulic conductivity of cut xylem fragments 
exposed to high negative pressures. In this method, a 
centrifugal force is used for creating a negative pres-
sure (P) on the sample and to create a positive hydro-
static pressure difference (ΔP) between the two ends of 
the sample. The pressure difference (ΔP) allows the 
water to pass through the sample at a flow rate (F) opti-
cally determined during centrifugation. The sample 
hydraulic conductance (k) is obtained from (ΔP) and F.
In addition to conductance measurements along 
cut wood samples, measurements can be made along 
the whole shoot or root. Kolb et al. (1996) used a vac-
uum tube connected to a vacuum pump to create a pres-
sure difference in the apparatus which was set up for 
this purpose. While the vacuum tube applies vacuum 
throughout the entire shoot, the stem base of the shoot 
is in a solution on the balance. Tyree et al. (2002) used 
a similar method (ULFM – Ultra Low Flowmeter) to 
measure hydraulic conductance along the entire stem. 
Hydraulic conductance of an individual vessel can also 
be measured, different from the measurements involv-
ing a certain length of cut wood samples and the entire 
stem-shoot-root system (Christman and Sperry, 2010; 
Zwieniecki et al., 2001). 
This study, which aims to explain the installation 
of the test setup, operation of the system and measure-
ment steps in order to measure the hydraulic conduc-
tance on fir wood samples, is a pioneering work for 
further studies. The purpose of this study is to contrib-
ute to the understanding of issues about how trees 
transport water and adapt to environmental and sea-
sonal conditions which have aroused curiosity from 
past to present.
2  MATERIALS AND METHODS
2.  MATERIJALI I METODE
2.1  Material
2.1.  Materijal
The research sample of Uludağ Fir (Abies born-
mulleriana Mattf.) was supplied from Yedigoller, 
which is affiliated to Kale Operation Chieftainship and 
Bolu Forest Regional Directorate. The fir tree taken 
from the region at an altitude of 1236 m is 75 years old 
and has 30 cm in diameter and 25 m in height. Samples 
were prepared by cutting 15 cm thick pieces like a 
wheel from the stem, which were taken from a height 
1 INTRODUCTION
1. UVOD
The transportation of water in trees is provided by 
the conduit network that runs along the soil, roots, stem 
and leaves. This operation is regulated by hydraulic con-
ductance. Hydraulic conductivity of a whole tree is di-
rectly related to the length and permeability of the con-
duit network (Hubbard et al., 1999). Therefore, 
determining the hydraulic conductance in trees is impor-
tant for understanding the absorption and transportation 
of water (Torres-Ruiz et al., 2012). Hydraulic conduc-
tance can also be used to comparatively measure the 
general hydraulic adaptation between species and to as-
sess the impact of environmental change, particularly 
drought, on transportation of water (Cochard et al., 
1996; Davis et al., 1999; Ladjal et al., 2005; Melcher et 
al., 2012; Sperry and Love, 2015; Fontes et al., 2018).
It is suggested that the water transportation in 
trees, provided by the pipes from the roots to the leaves, 
may be similar to the flow provided by the circular and 
smooth-walled capillary pipes (Tyree and Zimmer-
mann, 2002). Hagen-Poiseuille law was used based on 
this assumption. Hagen and Poiseuille proposed an 
equation to describe the flow velocity and rate of fluid 
flow through a circular tube (k = pr4/8). Accord-
ingly, the hydraulic conductance, k, is related to the 
fourth power of the total diameter of the transmission 
pipes (Tyree and Ewers, 1991). However, since the in-
ternal anatomy and interconnections of xylem channels 
are more complex than a series of parallel flat-walled 
tubes and small errors in diameter measurement in-
crease by the fourth power, the calculated xylem hy-
draulic conductance values typically exceed the mea-
sured conductance (Tyree and Ewers, 1991; Tyree and 
Zimmermann, 2002; Sperry et al., 2005). Gibson et. al. 
(1984) state that the hydraulic conductivity values cal-
culated using the tracheid diameters and Hagen Poi-
seuille equation are generally twice the measured con-
ductance.
Hydraulic conductance measurements are com-
monly performed on chopped wood samples with mea-
suring devices installed in the laboratory environment. 
Wood samples are connected to a hydraulic system to 
measure the pressure difference (DP) and mass flow 
rate (F) of a liquid (usually water) throughout the sam-
ple. Hydraulic conductance (K; kgs–1MPa–1) is cal-
culated with the F/ΔP ratio in its simplest form. In ad-
dition, the hydraulic conductivity (Kh; kgs–1MPa–1m) 
is the ratio between water flux (F, kgs–1) through an 
excised sample segment and the pressure gradient (ΔP 
/Δx, MPa–1m–1) causing the flow (Cruiziat at al., 
2002). The specific conductivity (Ks, kgs–1 
m–1MPa–1) (hydraulic conductivity per sapwood area, 
Kh/S) is obtained by dividing a unit pressure potential 
gradient (MPa–1m–1) per sapwood cross-sectional area 
by the flow rate (F, kgs–1) generated by a branch or 
stem (Granier et. al., 1989; Pallardy, 2008).
One of the techniques used to measure the hy-
draulic conductance in the laboratory was introduced 
by Sperry et al. (1988). In the assembled setup, a pres-
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of 1.3 m. In order to carry out the measurements, lon-
gitudinal segments were removed to cover the 7-13th 
annual rings after cambium. Then, the pieces were 
turned into thin beads, which were rounded to a diam-
eter of 4 mm. They were cut to 3 cm in length. Prepared 
samples were immersed in phenol dripped water until 
the measurement.
To find hydraulic conductance, distilled water at 
room temperature (25 °C) is used as the liquid in the 
system. Capillary tubes are characterized with water. 
All tests are performed with the same liquid and there-
fore test results can be compared. Another type of liq-
uid can also be used in the system; in this condition all 
calibration and characterization processes should be 
performed on this liquid.
2.2  Method
2.2.  Metoda
The measurement of the hydraulic conductance 
is based on the pressure difference between the inlet 
and outlet points of the samples. In this study, in order 
to determine the hydraulic conductance of the fir wood 
in the longitudinal direction, a test setup was estab-
lished by examining this principle and reviewing the 
devices established for similar tests in the literature 
(Pereira and Mazzafera, 2012; Tyree et al., 2002). 
2.2.1 Installation of test assembly
2.2.1. Instalacija ispitnog sklopa
The test apparatus for measuring the hydraulic con-
ductance of the wood particles are shown in Figure 1.
In this apparatus:
- 3-way valves were used for routing the pressurized 
fluid in the system,
- capillary tubes that have 3 different inner diameters 
and lengths were used to determine different flow 
rates and to provide comparative data,
- a calibration tube was used to find the pressure dif-
ference caused by the internal resistance of the sys-
tem and to remove the air gaps in the wood samples,
- pressure sensors were used to measure the inlet 
(Pressure Sensor 1) and outlet pressures (Pressure 
Sensor 2) as well as the vacuum pressure (Pressure 
Sensor 3) in the vacuum tube,
- a vacuum pump was used to apply the vacuum in a 
vacuum tube used to place the sample,
- a peristaltic liquid pump was used to pressurize the 
liquid that supplied it to the system,
- a measuring cylinder was also used to collect and 
measure the amount of liquid passing through the 
pipes.
Also, in order to record the data and control test 
setup via computer, controller (Siemens-Step 7 CPU 
315), controller software (Siemens-Step 7 Version 5.5) 
(Figure 2) and data acquisition system (WinCC Flexi-
ble) were installed.
While operating the system, whose schematic 
view is given in Figure 3a, firstly the properties of the 
system elements are determined. When the test sample 
is not connected to the system, the pressurized liquid is 
passed through capillary tubes to measure the pressure 
Figure 1 Hydraulic conductance test setup: a) Three-way 
valve, b) Capillary tube 1, c) Capillary tube 2, d) Capillary 
tube 3, e) Calibration tube, f) Pressure sensor 1, g) Pressure 
sensor 2, h) Vacuum pump, i) Peristaltic liquid pump, j) 
Vacuum tube
Slika 1. Sustav za mjerenje hidrauličke vodljivosti: a) 
trosmjerni ventil, b) kapilara 1, c) kapilara 2, d) kapilara 3, e) 
kalibracijska cijev, f) senzor tlaka 1, g) senzor tlaka 2, h) 
vakuumska pumpa, i) peristaltička pumpa, j) vakuumska cijev
Figure 2 Controller software interface
Slika 2. Sučelje upravljačkog softvera
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change and flow rate, thus obtaining the pressure-flow 
relationship of each capillary tube. The pressurized liq-
uid is applied to the system and liquid flows in scale 
vessel after passing through the selected capillary tube 
in a given time period. The pressure difference is mea-
sured by the difference between inlet and outlet pres-
sures and the flow rate is determined by water amount 
at a defined time period. Different pressures are applied 
to each capillary tube to obtain the pressure-flow char-
acteristics of the tubes. Then, the wood sample in the 
vacuum tube is connected to the end and pressurized 
liquid is applied to the system. Then the pressure dif-
ference in the capillary tube is measured and after that 
the amount of liquid passing at a given time is deter-
mined by using the previously determined pressure-
flow relationship. The measured liquid amount also 
refers to the amount of liquid passing through the wood 
sample. Liquid pressure applied to the wood sample 
that is also the outlet pressure of capillary tubes and the 
pressure in the vacuum tube is measured, and then the 
pressure difference on the sample is determined from 
the difference of these two values. The ratio of the 
amount of fluid passing at a given time and the pres-
sure difference (F/DP) gives the hydraulic conduc-
tance of the wood sample.
2.2.2  Test setup measurement calibration
2.2.2.  Kalibriranje mjernog sustava
The aim of the system calibration is to adjust the 
pressure difference when the calibration tube, which 
has a much greater inner diameter than capillary tubes 
and ignorable resistance, is used in the system. In other 
words, the aim of calibration is to find the pressure dif-
ference due to the inner resistance of system piping and 
sensor reading error. Test measuring was calculated 
with respect to the obtained pressure difference data.
When performing system calibration, the valve 
position is adjusted so that the fluid passes through the 
calibration tube. A wood sample is connected to the 
end of the system in order to create pressure. At this 
stage, the Vacuum Pump and Pressure Sensor 3 are not 
used (Figure 3b). The pressure is applied to the system 
during calibration. After the system pipes are filled 
with liquid and the system is stabilized, the measure-
ment is made by Pressure Sensor 1 and Pressure Sensor 
2. The difference in the measured values is recorded by 
the data acquisition system.
2.2.3  Capillary tube characterization
2.2.3.  Karakterizacija kapilare
In capillary tube characterization, the aim is to de-
termine the pressure-flow relationship characteristics of 
each capillary tube. Three different capillary tubes were 
used in the test setup. Capillary Tube 1 has an internal 
diameter of 0.17 mm and a length of 9.5 cm, Capillary 
Tube 2 has an internal diameter of 0.17 mm and a length 
of 28 cm, Capillary Tube 3 has an internal diameter of 
0.13 mm and a length of 28 cm. Three capillary tubes, 
as the combination of same diameter, different length, 
and same length, different diameter, were used to get 
reliable and comparable results. The graphs are ob-
tained as a result of the characterization process that is 
applied separately for all three capillary tubes and, are 
used to measure the fluid conduction of the wood sam-
ples. Different pressures in the range of 50-100 kPa 
(0.50-1 bar) are applied to the system for each capillary 
tube to measure the amount of liquid flowing. For each 
pressure value, there is a flow rate value, and using all 
measures a trend curve equation can be obtained. With 
the help of this equation, the measured pressure differ-
ence value can be used to find the flow rate.
In capillary tube characterization, the outlet of 
the system is open to the external environment. A scale 
vessel is placed to measure the amount of fluid flowing 
to the outlet. While closing the calibration pipe valve, 
the valve is set to the position in order to allow fluid to 
pass only through the pipe to be characterized (Figure 
3c). Vacuum Pump and Pressure Sensor 3 were not 
used for this operation.
During the process, the system is first pressurized 
and then the system has to be filled with liquid. When 
the system reaches its balance and liquid is seen at the 
system outlet, time measurement is started. When a 
certain amount of fluid is collected in the scale vessel, 
the system is switched off and the amount of fluid col-
lected in the scale vessel and the elapsed time is re-
corded. The values of pressure difference are recorded 
during this time by the data acquisition system. Then, 
the same process is continued with increasing applied 
pressure. After different pressures in the range of 95-
100 kPa (0.95-1 bar) are applied, the process is termi-
nated and the results are evaluated.
  (1)
2.2.4  Measurement of hydraulic conductance
2.2.4.  Mjerenje hidrauličke vodljivosti
Preliminary process
In order to measure the hydraulic conductance of 
wood samples, pressurized water should be applied to 
the samples as a preliminary process. The purpose of 
this process is to remove air and small sediments, 
which may affect the fluid flow within the sample. 
While applying pressurized water, the valve positions 
are adjusted to let the liquid only pass through the se-
lected calibration tube. The sample is connected to the 
end of the system and the system is pressurized. After 
waiting for the sample to get completely wet, the sys-
tem is turned off. This process is applied to each sam-
ple to be measured just before the test.
Measurement Procedure
After the preliminary process is applied to wood 
samples, the hydraulic conductance values for each 
sample are measured using the calibrated system. Be-
fore starting the measurement process, the wood sam-
ple that has been subjected to pressurized water is 
placed in the vacuum tube and the calibration pipe 
valve is closed.
During the measurement:
1. The valve is positioned to allow the flow of liquid 
only through Capillary Tube 1;
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Figure 3 a) Schematic view of hydraulic conductance setup, b) System calibration, c) Capillary tube characterization
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2. The vacuum pump and pump pressure are set;
3. The system is started to operate by the control soft-
ware;
4. Pressure Sensor 2 values  are monitored until giving 
stable results;
5. The Trend Curve is controlled by the Control Soft-
ware to determine the time interval for measure-
ment that the system has reached saturation and 
fluid delivery is smooth and sufficient (Figure 4). 
Measurement time is about 10 minutes;
6. The system is turned off;
7. The pressure difference value received by the Data 
Acquisition System, the Pressure Sensor 1 (Output 
pressure) value and the Pressure Sensor 3 (Vacuum 
pressure) value are recorded as the average of the val-
ues  taken over the time interval specified in step 5;
8. Steps 2-7 are repeated after positioning the valve 
position, which allows the liquid only to pass 
through the Capillary Tube 2;
9. Steps 2-7 are repeated after positioning the valve 
position which allows liquid only to pass through 
the Capillary Tube 3;
10. Fluid conduction quantities are determined by us-
ing pressure difference values  from curves obtained 
after capillary tube calibrations;
11. The results are evaluated, and the flow rate of the 
sample at a given time is determined;
12. Pressure difference part of the sample is determined 
by using the values of Pressure Sensor 2 and Pres-
sure Sensor 3;
13. Hydraulic conductance is calculated by proportion-
ing the flow rate and pressure difference.
3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA
3.1  Test setup findings
3.1.  Nalazi mjernog sustava
Pressure/flow curves obtained as a result of the 
characterization of capillary tubes in the hydraulic con-
ductance test setup were used to measure the hydraulic 
Figure 4 Trend curves showing that the system has reached 
saturation
Slika 4. Krivulje trenda pokazuju zasićenost sustava
Table 1 Measurement results of calibration of capillary tubes
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conductance of the wood samples. To get reliable and 
comparable results three different capillary tubes were 
characterized.
In the characterization process, due to very thin 
diameters of the capillary tubes, different pressures from 
50 to 100 kPa (0.50 to 1 bar) were applied. A relation-
ship was determined over the flow rates corresponding 
to the different pressures. Accordingly, it has been found 
that flow rate increases with the increase of inlet pres-
sure. A similar pressure difference-flow relationship was 
revealed by Cochard (2002). The pressure setpoints, av-
erage differential pressures and flow rates used during 
the characterization process are given in Table 1.
In order to make precise measurements, all pro-
cesses were applied very carefully, which directly re-
lates to accurate readings of the liquid quantities, ac-
curate determination of the duration and accuracy of 
the sensor during the characterization process. A long 
duration test was planned, so the right measurements 
could be taken in stable conditions.
The three different capillary pipes used in the 
system have resulted in three different flow values 
against the different pressures applied. The resulting 
pressure/flow linear approximation curves and equa-
tions are shown in Figure 5.
In order to find the pressure difference caused by 
the internal resistances of the system, the pressure dif-
ference was determined as 1 kPa (0.01 bar) during the 
system calibration. The obtained value was considered 
in the pressure difference measured during the hydrau-
lic conductance measurement.
The test setup is based on the same principle as 
established by Tyree et al. (2002). Besides the similarity 
in the test method, the proposed test setup was chosen to 
be suitable for the determination of hydraulic conduc-
tance values  along the stem of Uludağ Fir. The main dif-
ference is the selection of the liquid pump and vacuum 
pump to give the desired pressures. In addition, their 
ability to be controlled via the computer and stabilizing 
the pump pressures by using feedback from the sensor 
data, are the outstanding features of the test setup. An-
other important feature of the system is that there is no 
need for additional test equipment required for calibra-
tion or preparation for the test (e.g. pressurized water). 
Thanks to the features of the system, such as keeping log 
records of sensor data, instant control of data and deter-
mination of stable measuring ranges, measurement faults 
or operator-induced measurement errors are prevented. 
In this way, a more systematic method was introduced.
3.2  Hydraulic conductance results
3.2.  Rezultati hidrauličke vodljivosti
Nine measurements were made on the samples 
taken from Uludağ Fir (Abies bornmulleriana Mattf.) 
in the longitudinal direction, with three different capil-
lary tubes and three times of replication of the test. The 
radial conduction during the measurements was ig-
nored. Table 2 shows the measurement results.
When calculating hydraulic conductance, the 
“average pressure differences” corresponding to the 
pressure set values of 85-90 kPa (0.85-0.90 bar) were 
taken from the system and the pressure difference val-
ue (1 kPa) determined during the calibration of the sys-
tem was added to this value. Accordingly, “calibrated 
average pressure difference” was found. The “pressure 
difference of the sample” was obtained by subtracting 
the vacuum tube pressure from the mean outlet pres-
sure, which is read from the system. Then, using the 
equations obtained during the characterization of capil-
lary tubes, the “flow” amounts corresponding to the 
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Figure 5 a) Capillary Tube 1 pressure/flow linear approxima-
tion curve and equation, b) Capillary Tube 2 pressure/flow 
linear approximation curve and equation, c) Capillary Tube 3 
pressure/flow linear approximation curve and equation
Slika 5. a) Graf i jednadžba linearne aproksimacije 
ovisnosti tlaka i protoka za kapilaru 1, b) graf i jednadžba 
linearne aproksimacije ovisnosti tlaka i protoka za kapilaru 
2, c) graf i jednadžba linearne aproksimacije ovisnosti tlaka 
i protoka za kapilaru 3
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average pressure differences were found. Finally, the 
calculated flow rate is divided into the pressure differ-
ence (F/DP) to obtain “hydraulic conductance” for 
each sample. Accordingly, the hydraulic conductance 
was 6.2 mls–1MPa–110–2 for Capillary Tube 1, 5.9 
mls–1MPa–110–2 for Capillary Tube 2 and 6.1 ml 
s–1MPa–110–2 for Capillary Tube 3. The mean, mini-
mum and maximum values and standard deviation of 
all measurement results are also shown in Table 3.
4  CONCLUSIONS AND RECOMMENDATIONS
4.  ZAKLJUČAK I PREPORUKE
In this study, a hydraulic conductance test setup 
was established to determine the hydraulic conduc-
tance, which is one of the important parameters of liq-
uid transport system in trees. The hydraulic conduc-
tance of the samples taken from fir wood was measured 
using the proposed test setup. Measurements were car-
ried out with pressurized water. By applying 0-100 kPa 
pressure on samples placed in a vacuum tube, success-
ful results were obtained.
To conclude, as seen in Figure 3, meaningful 
trend lines were obtained indicating that the flow in-
creases with the increase in inlet pressure. Hydraulic 
conductance results of different samples, prepared with 
the same procedure from the same tree section, show 
that measurements are consistent with low standard de-
viation as shown in Figure 6. With the increasing num-
ber of tests, statistical analyses can be improved. Also, 
in future studies, the conductivity values of fir tree 
samples taken from different regions, different ages, 
Table 2 Hydraulic conductance value of Uludağ Fir (Abies bornmulleriana Mattf.)

















































































































































Table 3 Mean, minimum and maximum value and standard deviation of hydraulic conductance measurement result






















































Results Mean + Sigma - Sigma
Figure 6 Comparison of results
Slika 6. Usporedba rezultata
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and different seasons can be measured and compared 
with the values found.
The fact that the curves obtained from three dif-
ferent capillary tubes are linear and consistent and that 
the measured values taken from the samples are similar 
to each other can be taken as proof that the system 
works correctly.
In the scope of our study, samples taken from the 
stem were used in the test setup. On the other hand, the 
test setup is also adaptable for samples from roots, 
shoots and leaves. It is foreseen that this system can be 
used by researchers in their studies that can be carried 
out in many fields such as plant physiology, ecology 
and agriculture.
This study may be used other research related to 
hydraulic conductance such as different tree and plant 
species, different tree and plant parts, as well as differ-
ent soil and water properties. With such future studies, 
it will be possible to get an idea about the liquid trans-
portation system in trees.
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